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We report on the observation of a terahertz radiation induced photon drag effect in epitaxially
grown n- and p-type (Bi1−xSbx)2Te3 three dimensional topological insulators with different anti-
mony concentrations x varying from 0 to 1. We demonstrate that the excitation with polarized
terahertz radiation results in a dc electric photocurrent. While at normal incidence a current arises
due to the photogalvanic effect in the surface states, at oblique incidence it is outweighed by the
trigonal photon drag effect. The developed microscopic model and theory show that the photon drag
photocurrent is due to the dynamical momentum alignment by time and space dependent radiation
electric field and implies the radiation induced asymmetric scattering in the electron momentum
space.
I. INTRODUCTION
Much attention in condensed-matter physics is cur-
rently directed towards understanding electronic proper-
ties of Dirac fermions in three dimensional (3D) topolog-
ical insulators (TIs), which challenge fundamental con-
cepts and hold a great potential for electronic, optic and
optoelectronic applications, see e.g. Ref.1–9.
Recently nonlinear high frequency electron transport
phenomena10–13 in TI systems have attracted growing
interest. There have been many theoretical and ex-
perimental works in the past few years on the helic-
ity controlled photocurrents14–18, linear photogalvanic
effect19–21, local photocurrents22,23, edge photocurrents
in 2D TI24,25, coherent control of injection currents26,27,
photon drag currents19,28, second harmonic generation30,
photo-induced quantum hall insulators31,32, cyclotron
resonance assisted photocurrents33,34, quantum oscil-
lations of photocurrents35, photogalvanic currents via
proximity interactions with magnetic materials36–38 and
photoelectromagnetic effect39. These phenomena, scal-
ing in the second or third order of the radiation elec-
tric fields, open up new opportunities to the study of
Dirac fermions, as it has been already demonstrated for
graphene, for review see Ref. 13, and several TI materials,
see e.g. Ref. 15,19,23,34. An important advantage of the
nonlinear high frequency transport effects is that some of
them, being forbidden by symmetry in the bulk of most
3D TI, can be applied to selectively probe the surface
states even in TI materials with a finite bulk conduc-
tivity. Utilizing photocurrents this advantage has been
used to study Sb2Te3 and Bi2Te3 3D TIs
19, in which con-
ventional dc transport experiments, particularly at room
temperature, are handicapped by a large residual bulk
charge carrier density40–45.
It has been shown in Ref. 19 that the photocurrent
excited by normal incident terahertz (THz) radiation
is generated due to the photogalvanic effect. The lat-
ter originated from the asymmetric scattering of Dirac
fermions driven back and forth by the ac electric field
and is allowed in the non-centrosymmetric surface states
only. The experiments further hinted at a possible con-
tribution of the photon drag effect - a competing pho-
tocurrent resulting from the light momentum transfer to
charged carriers. However, no experiments which provide
clear evidence of the photon drag effect in TI materials
have been reported so far.
Here we report on the observation of the photon drag
effect in (Bi1−xSbx)2Te3 3D TIs excited by THz radi-
ation. We demonstrate that while at normal incidence
the photocurrent is dominated by the photogalvanic ef-
fect, at oblique incidence it is outweighed by the photon
drag effect. The latter is shown to be caused by the
in-plane component of the photon wavevector q‖. Strik-
ingly, the observed photon drag current does not change
its sign upon inverting q‖. This, seemingly surprising re-
sult, is caused by the fact that in materials with trigonal
symmetry the photon drag current is proportional not
only to the photon wavevector but also to the product of
in- and out-of-plane components of the radiation electric
field. Since both, q‖ and the product of the electric fields,
change their sign, the total sign remains unchanged. Our
experimental findings are well described by the devel-
oped theory and microscopic model, based on the Boltz-
mann kinetic equation for the carrier distribution func-
tion. Both photon drag and photogalvanic effects are
investigated in epitaxially grown (Bi1−xSbx)2Te3 bulk
materials of various composition determined by the anti-
mony content x. The variation of x enabled us to study
photocurrents in different systems including binary and
ternary TIs with smooth changes from n- to p-type bulk
conductivity, see Ref. 46,47 as well as in heterostruc-
ture samples, consisting of a n-type Bi2Te3 and a p-type
Sb2Te3 layer, see Ref. 48. In the latter the chemical po-
tential can be tuned by varying the thickness of the upper
Sb2Te3 layer.
2FIG. 1: ARPES investigation of the surface electronic structure of different TI samples, measured at low temperature
(T ≈ 25 K) using photon energy 8.4 eV. The spectra unambiguously proof the existence of topological surface states in each
material. Panel (a) shows results for pure, n-type Bi2Te3. Panel (b) and (c) show the corresponding results for samples BST306
and BST641, i.e. the n-type (Bi0.6Sb0.4)2Te3 and (Bi0.57Sb0.43)2Te3 ternary TIs, (d) for sample BST508, i.e. the n-type 10 nm
Bi2Te3/ 7.5 nm Sb2Te3 TI heterostructure, as well as (e) for sample BST305, i.e. the p-type Sb2Te3. The top panels depict
the constant energy contour at εB = 0 with indicated crystallographic directions showing the hexagonal warping of energy
spectrum of the topological surface states. The middle panel illustrates the binding energy dispersion spectra ε(k) map at
ky = 0 along Γ¯M direction where the upper part of the topological surface states is revealed while the Dirac point is buried
in the bulk valence band maximum. Additionally, the energy distribution curves, integrated over the entire image are shown
aside the middle panels. The bottom panels depict the respective momentum distribution curves. The ones for εB = 0 are
highlighted red color.
Sample ID Type Structure Sb content Type Bulk Ax (nA cm
2/W) Ax (nA cm
2/W)
x carriers θ = 0 θ = 180◦
BST 127 binary 20 nm Bi2Te3 0 n 0.32 0.8
BST 307 binary 13 nm Bi2Te3 0 n 3.1 7
BST 323 ternary 24 nm (Bi1−xSbx)2Te3 25 n 1.8 -
BST 306 ternary 23 nm (Bi1−xSbx)2Te3 40 n 0.06 0.04
BST 641 ternary 175 nm (Bi1−xSbx)2Te3 43 n 0.4 0.6
BST 305 binary 27 nm Sb2Te3 100 p 0.025 0.02
BST 508 heterostructure 10 nm Bi2Te3 pn n 0.3 -
+ 7.5 nm Sb2Te3
TABLE I: Sample parameters and the amplitudes of photocurrents Ax excited by normal incident radiation with f = 3.3 THz.
Angles of incidence θ = 0 and 180◦ correspond to the front and back excitation, respectively.
II. SAMPLE DESCRIPTION
The samples were grown by molecular-beam epitaxy
(MBE) on Si(111) substrates in the so-called van der
Waals (vdW) growth mode49, i.e. there are only weak
bonds between substrate and the TI epilayers, so that
the large lattice mismatch does not hinder to grow single
crystal TI films with a high structural quality50–52. Be-
fore insertion into the MBE chamber, the Si(111) surface
was chemically cleaned to remove the native SiO2 and
to passivate the surface with hydrogen. Prior to the TI
layer deposition the substrate was heated up to 600◦C for
20 min to desorb the hydrogen atoms. The Bi, Sb and
Te atoms were deposited on the substrate using effusions
cells, working at temperatures of 530◦C (Bi), 450◦C (Sb)
and 380◦C (Te), whereas the substrate temperature was
300◦C. The Bi2Te3 (Sb2Te3) layer were deposited with
a slow growth rate of 27 nm/h (9 nm/h). The sam-
ple BST641 was grown at temperature TBi = 470
◦C,
TSb = 417
◦C, TTe = 330
◦C, Tsubstrate = 300
◦C, and
with a growth rate of 10 nm/h for 1050 minutes, which
corresponds to the thickness of 175 nm. The struc-
ture composition and thickness of all investigated sam-
ples are given in the Table I. To characterize the sam-
3f (THz) 3.9 3.3 2.0 1.1 0.8 0.6
λ (µm) 77 90 148 280 385 496
TABLE II: Frequencies and corresponding wavelengths used
in the experiments.
ples, electrical measurements on Hall - bar structures
using standard four point probe and lock-in technique
were carried out at T = 1.5 K. The bulk charge car-
rier densities have been determined as following: For
binary n-type Bi2Te3 and p-type Sb2Te3 the bulk car-
rier density is n ≈ p ≈ 5 × 1019 cm−3. For ternary
(Bi1−xSbx)2Te3 alloys with x of about 0.4 - 0.5 we obtain
n ≈ p ≈ 5 × 1018 cm−3. The sample (Bi0.57Sb0.43)2Te3
(BST641), most insulating in the bulk, is n-type and has
a carrier density of n = 3× 1017 cm−3.
The existence of topologically protected surface
states has been verified by means of angle - resolved -
photoemission - spectroscopy (ARPES)53,54, see Fig. 1.
Selected samples have been exposed to air and
were transferred into a laboratory-based high-resolution
ARPES chamber. In order to remove the oxidized layer
and surface contaminants, the samples needed to be
cleaned by repeated steps of gentle sputtering, using
750 eV Ar ions, and annealing to 250◦ C - 280◦ C. After
this cleaning procedure ARPES maps have been obtained
at low temperatures (T ≈ 25 K) employing a monochro-
matized microwave-driven Xe source with a photon en-
ergy of 8.4 eV. Topological surface states have been iden-
tified in all of the samples, see also Refs. 47,48. Further,
the energetic position of the Dirac point εB(DP ) was ex-
tracted from the ARPES data. For all samples εB(DP )
are in the order of hundreds of meV being comparable
with values reported earlier for similar materials46.
Additionally, X-Ray Diffraction (XRD) measurements
were performed in order to verify the single-crystallinity
of the thin films, the orientation with respect to the
Si(111) substrate and to determine the domain orienta-
tion, see Fig. 2. The XRD data demonstrate the for-
mation of two trigonal domains, being mirror-symmetric
to each other and show, however, that the majority of
the domains have the same orientation19,55. The do-
mains can also be seen in the atomic force microscopy
images showing trigonal islands (not shown). Height pro-
files prove that the quintuple layers (QL) have steps of
about 1 nm19,51. Using the XRD results we prepared
squared shaped samples with edges cut along crystallo-
graphic axes x and y, see Fig. 2. To enable electrical
measurements two pairs of ohmic contacts have been pre-
pared in the middle of the 5 × 5mm2 squared sample’s
edges.
III. EXPERIMENTAL TECHNIQUE
Experiments on photocurrents in (Bi1−xSbx)2Te3 3D
TIs were performed applying radiation of a high power
pulsed molecular THz laser56. Using NH3, D2O and
CH3F as active gases for the optically pumped laser,
40 ns pulses with peak power of P ≈ 10 kW were obtained
at different frequencies f , see Table II and Refs. 57–59.
The radiation induces indirect (Drude-like) optical tran-
sitions, because the photon energies are much smaller
than the carrier Fermi energy. The beam had an almost
Gaussian form, which was measured by a pyroelectric
camera60,61. A typical spot diameter depends on the ra-
diation frequency and varies between 1 and 3 mm. The
electric field amplitude E0 of the incoming radiation was
varied from about 1 to 30 kV/cm (radiation intensities I
from about 1 to 1000 kW/cm2).
The samples were illuminated at normal and oblique
incidence. In experiments at normal incidence front and
back illumination was used with angle of incidence θ = 0
and 180◦, respectively, see Figs. 3 and 4. In the mea-
surements applying oblique incident radiation the angle
θ was varied between −35◦ and 35◦, see insets in Figs. 5
and 6. Note, that larger angles of incidence were not used
in order to avoid the illumination of contacts and edges.
The photocurrents were analysed in two directions, x and
y, perpendicular to each other and parallel to the sample
edges, see inset in Fig. 3. Most experiments at oblique
incidence were carried out for (yz) plane of incidence.
In some additional measurements the orientation of the
plane of incidence was rotated by the angle ψ in respect
to the (yz) plane, see inset in Figs. 7 and 8.
The dc photocurrent J was excited in the tempera-
ture range from T = 4.2 to 296 K. It was measured as
a voltage drop, U ∝ J , across a 50Ω load resistor and
recorded in unbiased samples with a storage oscilloscope.
To control the incidence power of the laser the signal
was simultaneously measured at a reference THz detec-
tor62. To examine the photocurrent behavior upon the
variation of the polarization state half and quarter wave-
length plates were employed. The initial laser radiation
was linearly polarized along the y-axis. By using λ/2
plates, the azimuth angle α was varied between the lin-
ear polarization on the sample and the y axis, see inset
and top panel in Fig. 3.
By applying λ/4 plates, we obtained elliptically (and
circularly) polarized radiation. In this case, the polar-
ization state is determined by the angle ϕ between the
plate optical axis and the incoming laser polarization.
Here, the electric field vector is lying parallel to the x
axis. The polarization states for several ϕ are shown on
the top panel of Fig. 9. In this geometry, the radiation
helicity is varied as Pcirc = sin 2ϕ
56,63.
IV. EXPERIMENTAL RESULTS
Irradiating the (Bi1−xSbx)2Te3 3D TIs with linearly
polarized THz radiation we observed a dc current in both
x- and y- direction. The photocurrent was detected in the
whole frequency range used from 0.6 up to 3.9 THz. The
signal followed the temporal structure of the laser pulse.
Its variation upon rotation of the polarization plane is
4FIG. 2: (a) X-ray diffraction pole figure scan around the
(1,0,5) reflection of the Bi2Te3 sample BST127 showing that
one domain orientation (highlighted by solid red line) domi-
nates. It also reveals that the crystallographic axes lie par-
allel to the sample edges. Insets sketches domain orienta-
tions illustrated by solid red line connecting top Bi atoms in
the upper right panel and side view of one quintuple layer,
see right bottom panel. (b) Photocurrent Jx(α)/I in Bi2Te3
sample BST127 measured for front and back illumination at
T = 296K. Solid lines show fits after Eq. (1). Note that the
same dependencies are obtained after phenomenological, see
Eq. (4), and microscopic theory, see Eq. (19) for the photo-
galvanic effect.
well fitted by
Jx = [−A(f) cos 2α+ C(f)]E20 , (1)
Jy = [A(f) sin 2α+ C
′(f)]E20 ,
in which E20 ∝ I is the squared radiation electric field
and A, C, and C′ are fitting parameters, see Fig. 3 (a)
and (b). The above polarization dependencies were ob-
served in all samples and for all frequencies. Cooling
the sample from room temperature to 4.2 K did increase
the photocurrent amplitude, see Fig. 3 (c), whereas the
overall behavior remained unchanged.
As we have shown in Ref. 19 two phenomena can be
the cause of the THz radiation induced photocurrents,
described by Eqs. (1), namely the photogalvanic and the
photon drag effects64. Experiments applying front and
back illumination with normally incident radiation allows
us to distinguish them from each other. While the pho-
togalvanic current is determined by the in-plane orien-
FIG. 3: (a) Photocurrent Jx/I measured in Bi2Te3
sample BST127. (b) Photocurrent Jy/I measured in
(Bi0.57Sb0.43)2Te3 sample BST641. Plots show the depen-
dence of the photocurrent excited by normal incident radi-
ation with f = 2.0 THz on the azimuth angle α. Angles of
incidence θ = 0 and 180◦ correspond to the front and back ex-
citation, respectively. Solid lines show fits after Eq. (1). Note
that the same dependencies are obtained after phenomenolog-
ical, see Eq. (4), and microscopic theory, see Eqs. (19) and 26
for the photogalvanic and the photon drag effect, respectively.
Insets sketch the setup and the orientation of the electric field.
Note, that the photocurrent is probed in the directions coin-
ciding with the principal axes of the trigonal system. (c)
Temperature dependence of the photocurrent measured in the
Bi2Te3 sample BST127 and Sb2Te3 sample BST305. All data
are normalized to the value for T = 4.2 K.
tation of the radiation electric field19 and, consequently,
remains unchanged for both geometries, the photon drag
current is additionally proportional to a component of
the photon momentum q. Therefore, changing q → −q
(front to back illumination) does not affect the photo-
galvanic but inverts the sign of the factor A(f) for the
photon drag effect. Note that for front and back illumi-
nation at normal incidence the wavevector q is directed
parallel or anti-parallel to the z direction. As an impor-
tant result we obtained that the sign of the amplitude
A(f) remains unchanged (see exemplary Figs. 3 and 4
for samples BST127 and BST641 and Table I for all in-
5FIG. 4: (a) Jy/I measured in Bi2Te3 sample BST127 for
f = 3.3 THz. (b) Jy/I measured in (Bi0.57Sb0.43)2Te3 sample
BST641 for f = 1.1 THz. The data show the dependence of
the photocurrent on the azimuth angle α excited by normal
incident radiation. Angles of incidence θ = 0 and 180◦ cor-
respond to the front and back excitation, respectively. Solid
lines show fits after Eq. (1). Note that the same dependencies
are obtained after phenomenological, see Eq. (4), and micro-
scopic theory, see Eqs. (19) and (25) for the photogalvanic
and the qz - photon drag effects, respectively.
vestigated samples at f = 3.3 THz). This fact provides a
clear evidence that the photocurrent at normal incidence
is dominated by the photogalvanic effect in the investi-
gated two dimensional (2D) Dirac fermion systems. In
samples BST127 and BST641 excited with f = 2.0 THz,
the contribution of the photon drag is vanishingly small,
see Fig. 3. At other frequencies and samples the pho-
ton drag effect may yield a contribution up to one third
compared to that of the photogalvanic effect resulting in
larger signals for back illumination than front one65, see
Fig. 4 and Table I.
So far we presented data obtained for normal incidence.
Illuminating the samples at oblique incidence, we found
that all characteristic properties of the photocurrent in-
cluding its polarization behavior remain unchanged, see
Fig. 5. In contrast to the measurements at normal inci-
dence, the magnitude Ax,y(f, θ) depends now addition-
ally on the incident angle θ, as well as on the direction
in which the current is examined: at large θ and for the
plane of incidence coinciding, e.g. with (yz)-plane the
photocurrent magnitudes measured in x and y directions
become slightly different. For some excitation frequencies
the photocurrent amplitude Ax,y(f, θ) did reduce upon
the increase of the angle θ, exemplarily shown for the
current measured in x direction in Fig. 5 (a), Fig. 6 (a)
and (b). Note that the change of Ax,y(f, θ) is even in the
angle θ.
FIG. 5: Azimuth angle dependencies of the photocurrent Jy/I
excited in (Bi0.57Sb0.43)2Te3 sample BST641 by normal and
oblique incident radiation. The data demonstrate that the
polarization dependence does not change upon variation of
the angle of incidence: neither for the case that the current
decrease at oblique incidence [panel (a), f = 2.0 THz] nor
for the case it increases with |θ| increasing [panel (b), f =
3.3 THz]. Solid lines show fits after Eq. (1). Note that the
same dependencies are obtained after phenomenological, see
Eq. (4), and microscopic theory, see Eqs. (17), (19) and (25)
for the photogalvanic and both photon drag effects.
Strikingly, at other radiation frequencies we observed
that for positive as well as for negative θ the signal rises
with an increase of the angle of incidence, see Fig. 5
(b) and Fig. 6 (c) - (f). This behavior is observed for
photocurrents measured in directions parallel as well as
normal to the plane of incidence, see Fig. 6 (d). It
is also detected for any orientation of the plane of in-
cidence. Figure 7 shows the corresponding data for
three positions of the incident plane determined by the
angle ψ. The figure reveals that the signal varies as
Jy = Ay(f, ψ) sin(2α − φ)E20 and the most pronounced
change in the photocurrents’ polarization dependence is
the appearance of a φ = 2ψ phase shift. A detected
small variation of Ay(f, ψ) as a function of ψ can not
be discussed earnestly, since precise adjustment ensuring
that for different ψ, technically obtained by rotating the
sample, the laser spot remains on the same sample po-
sition is hard to realize. To support the conclusion that
the rotation of the incident plane results in a 2ψ phase
shift, we measured photocurrents depending on the linear
polarization by changing the angle ψ by steps of 10◦ in
the range from 0 to 130◦. Figure 8 (a) demonstrates the
dependencies obtained for Bi2Te3 sample BST127. The
corresponding dependency of the measured phase shift φ
on the angle ψ is shown in Fig. 8 (b) and for other samples
and frequencies in Fig. 8 (c). The figures demonstrate
that in all cases φ ≈ 2ψ.
6FIG. 6: Dependencies of the photocurrent amplitudes Ax,y on the angle of incidence θ obtained for different frequencies and
three samples: Sb2Te3 (BST305), (Bi0.57Sb0.43)2Te3 (BST641) and Bi2Te3 (BST127). Solid lines show fits after see Eq. (4)
and calculations after equations (19), (25) and (17). Dotted and dashed lines show contributions of the photogalvanic effect
and photon drag effect caused by the qx component of the photon wavevector. The curves are calculated after Eqs. (19) and
after Eqs. (17), respectively. Note that solid curves in panel (e) and (f) are obtained also taking into account contribution of
the photon drag effects caused by qz component of the photon wavevector. The latter effect (not shown) mainly contributes to
the signal at normal incidence and is the cause for the difference between the value of the calculated total photocurrent (solid
line) and the photogalvanic effect contribution (dotted line). It has a negative sign and decreases with the θ increasing. The
relative contributions of the photogalvanic and photon drag effects are obtained from the measurements applying front and
back illuminations, see Figs. 3 and 4 as well as Table I. Inset in panel (a) sketches the setup
Finally, we discuss the results obtained applying ellip-
tically (circularly) polarized radiation. These measure-
ments were particularly motivated by the search for the
circular photogalvanic14,66,67 and circular photon drag
effect68,69, i.e. photocurrents changing their direction
upon switching of the radiation helicity10,11,13, recently
observed for Bi2Te3 TI excited by near infrared light
30.
Applying radiation at oblique incidence and measuring
the photocurrent in the direction normal to the plane
of incidence (yz), i.e. in the geometry for which circular
photogalvanic30,70,71 and circular photon drag effects13,68
are expected, we detected a current which can be well
fitted by Jx = Ax(f)(cos 4ϕ + 1)/2, see Fig. 9. The fig-
ure clearly shows that for circularly polarized radiation
(ϕ = 45◦ and 135◦) the signal vanishes. In fact, the
term in brackets describes the degree of linear polariza-
tion in the lambda-quarter plate geometry. Therefore,
the observed current is identical to the one excited by
linearly polarized radiation and which was already dis-
cussed above. Examining different samples in the whole
investigated THz frequency range, we observed the same
result: no trace of a helicity dependent photocurrent has
been detected.
To summarize, experiments on different types of TI
samples provide a self-consistent picture demonstrating
that the photocurrents (i) are caused by effects pro-
portional to the second power of the radiation electric
field and can be excited by both normal and oblique
incident radiation, (ii) are excited by linearly polar-
ized radiation, (iii) vary with the azimuth angle α as
J ∝ A(f, θ, ψ) sin 2α with a possible phase shift depend-
ing on the experimental geometry and cristallographic di-
FIG. 7: Azimuth angle dependencies of the photocurrent Jy/I
excited in Bi2Te3 sample BST127. The data are obtained at
oblique incidence radiation (f = 2.0 THz) for θ = 20◦ and
different orientations of the plane of incidence in respect to
the y-direction given by the angle ψ, see inset. The data are
shown for the angles ψ = 0, 40◦ and 90◦. The solid lines are
calculated after Eq. (5).
rection in which the photocurrent is measured, see Figs. 7
and 8, (iv) have the same sign but may have distinct
magnitudes of the factor A(f) for front and back normal
incident illumination, see Fig. 3 and 4, and (v) are de-
scribed by an even function of the angle of incidence θ
with the magnitude A(f, θ) for different radiation fre-
quencies, raising or decreasing with increase of θ, see
Figs. 6 and 5.
7FIG. 8: (a) Azimuth angle dependencies of the photocur-
rent Jx/I excited in Bi2Te3 sample BST127. The data are
obtained at oblique incidence radiation (f = 2.0 THz) for
θ = 20◦ and different orientations of the plane of incidence in
respect to the y-direction given by the angle ψ. The data are
shown for the angle ψ changing from 0◦ to 130◦ with steps of
∆ψ = 10◦. Solid lines show fits after Eqs. (5). Bottom pan-
els show the measured phase shift as a function of ψ for (b)
the data shown in panel (a) and (c) three samples BST641,
BST127 and BST305 and two radiation frequencies. Here
solid and open symbols correspond to the frequencies f = 2.0
and 3.3 THz, respectively. Solid line shows fit after φ = 2ψ.
V. DISCUSSION
Now we discuss the origin of the observed photocur-
rents, which are induced by spatially homogeneous ter-
ahertz radiation and scale with the second power of the
radiation electric field. We begin with the standard way
to treat second order effects without going into micro-
scopic details, which makes use of the symmetry argu-
ments. This approach allows us to explore what kind of
photocurrents are allowed in the considered system and
to describe their variation upon change of macroscopic
parameters, such as radiation intensity, polarization and
incident angle. With this, the response of the charge
carriers ensemble to the external field can be character-
ized conveniently by the coordinate- and time-dependent
electric current density j(r, t). It is expanded in a power
series in the external alternating electric field E(r, t) in
the form of a plane wave
E(r, t) = E(ω, q)e−iωt+iqr +E∗(ω, q)eiωt−iqr , (2)
where ω = 2pif is the angular frequency and q is its
wavevector. Limiting the consideration to the second or-
FIG. 9: Helicity dependence of the photocurrent, Jx/I , mea-
sured in Bi2Te3 sample BST127 at normal as well as at oblique
incidence in the direction normal to the plane of incidence.
The ellipses on top illustrate the polarization states for var-
ious angles ϕ. Solid lines show fits after Eqs. (4) where the
polarization dependent terms take for this geometry the form
Jx = Ax(f)(cos 4ϕ+ 1)/2.
der effects we obtain the photocurrent density j ∝ J in
the form12,56
jλ =
∑
µ,ν
χλµνEµE
∗
ν +
∑
δ,µ,ν
TλδµνqδEµE
∗
ν + c.c. , (3)
where the expansion coefficients χλµν and Tλµνδ are third
and fourth rank tensors, respectively, and E∗ν = E
∗
ν (ω) =
Eν(−ω) is the complex conjugate of Eν . The first term
on the right-hand side of Eq. (3) represents photogal-
vanic effects whereas the second term describes the pho-
ton drag effect containing additionally the wavevector of
the electromagnetic field.
Equation (3) can be simplified considering the point
group C3v, which describes the symmetry of the surface
states in (Bi1−xSbx)2Te3. To be specific we first obtain
the photocurrents excited in the crystallographic direc-
tions x and y with the radiation plane of incidence (yz).
Taking into account the fact that we detected only pho-
tocurrents excited by linearly polarized radiation being
even in the angle of incidence θ we can omit all contribu-
tions of photocurrents sensitive to the radiation helicity
and those giving the response odd in the angle θ. Under
these conditions we derive for j
jx = (χ+ Tzqz)(E
2
x − E2y)− T‖qyEyEz (4)
= joff − cos 2αE20
× 1
2
[
(χ− Tzq cos θ)(t2s + t2p cos2 θ) + T‖qt2p sin2 θ cos θ
]
,
jy = −2(χ+ Tzqz)ExEy − T‖qyExEz
= sin 2α tstp
[
(χ− Tzq cos θ) cos θ + T‖q sin2 θ/2
]
E20 .
Here tp and ts are the Fresnel transmission coefficients
for s- and p- polarized light and joff is the polarization
independent offset being equal to zero for θ = 0, see
Appendix 1. The constants χ, T‖ and Tz are coefficients
describing the photogalvanic, the photon drag effect at
8oblique incidence, and the photon drag effect at normal
incidence, respectively.
At normal incidence we obtain the photogalvanic effect
and the photon drag effect, caused by z-component of the
photon wavevector. They are given, respectively, by the
terms proportional to factors χ and Tz. Both effects have
the same polarization dependence and vary with the az-
imuth angle α according to jx ∝ (E2x − E2y) ∝ cos 2α
and jy ∝ 2ExEy ∝ sin 2α, being in agreement with the
results of experiments, see Figs. 3, 4 and Eq. (1). For
χ ≥ Tqz reversing the radiation propagation direction
(θ = 0 ⇒ θ = 180◦) does not affect the polarization de-
pendence. It may, however, change the signal magnitude
because χ+ Tzqz is different for negative and positive qz
corresponding to front and back illumination. Exactly
this behavior has been observed in experiments show-
ing that at some frequencies the photon drag due to z-
component of the wavevector yields a minor contribution
to the total photocurrent, see values of Jx at θ = 0 and
180◦ in Table I and Fig. 4. At oblique incidence Ex and
qz components are reduced and the magnitude of both
photocurrents diminish equally for positive and negative
angle θ, see Fig. 5 (a) and doted lines in Fig. 6.
According to Eqs. (4) at oblique incidence the photon
drag effect, coupled to the in-plane wavevector qy, can
also contribute to the total photocurrent. Its dependence
on the azimuth angle α formally coincides with that of
the contributions discussed so far, jx ∝ EyEz ∝ cos 2α
and jy ∝ ExEz ∝ sin 2α. However, it obviously vanishes
at normal incidence (qy = 0) and, in contrast to pho-
togalvanic effect, increases with the rising angle of inci-
dence, see dashed lines in Fig. 5. Moreover, the sign of
the products (EyEzqy) and (ExEzqy) is staying the same
for positive and negative θ. A dominating contribution of
this effect has been observed at large angles of incidence
for all samples and for almost all frequencies. The most
clear evidence for this conclusion is supported by mea-
surements shown in Fig. 5 (b) and 6 (c)-(f) demonstrate
that the photocurrent rises with the angle θ increase.
Rotation of the incident plane by the angle ψ
changes the relative orientation of the electric field
and crystallographic axes modifying Eqs. (4). Taking
into account that in all experiments described above
T‖qy ≫ (χ+ Tzqz) and considering small angles θ, be-
ing relevant to the experimental data of Figs. 5 and 6,
we obtain
jx ≈ − cos (2α− 2ψ)(χ− Tzq + T‖qθ2/2)t2E20 , (5)
jy ≈ sin (2α− 2ψ)(χ− Tzq + T‖qθ2/2)t2E20 .
Here t = tp = ts is the amplitude of the transmission
coefficient for small θ and the offset current is omitted.
Equations for arbitrary angle of incidence are given in
the Appendix 1. Equations (5) show that the rotation
of the incident plane mainly results in a 2ψ phase shift
for both photocurrents jx and jy. This phase shift has
been observed for all samples and frequencies, see Figs. 7
FIG. 10: Model of the photogalvanic effect, excited in surface
states of (Bi1−xSbx)2Te3 due to asymmetry of elastic scatter-
ing of holes by wedges.
and 8.
VI. MICROSCOPIC MODELS
In general, second order high frequency effects are
caused by the redistribution of charge carriers in the mo-
mentum space induced by the illumination of the sample
with radiation. The resulting nonequilibrium distribu-
tion can contain components which are oscillating in time
and space, as well as steady-state and spatially homoge-
neous ones. Hence, the irradiation may cause both ac
and dc flows in a media. Their magnitudes are nonlin-
ear functions of the field amplitude and their components
are sensitive to the radiation polarization. In the follow-
ing section we present models visualizing the physics of
nonlinear responses. For simplicity we assume positively
charged carriers, i.e., holes for which the directions of
the carrier flow and the corresponding electric current
coincide.
A. Trigonal photogalvanic effect
The model and the microscopic theory of the photo-
galvanic effect have been discussed in detailed in Ref. 19,
demonstrating that the photocurrent stems from the
asymmetric scattering of free carriers excited by irradi-
ation with a ac electric field. As we show below the
asymmetric scattering is also responsible for the observed
photon drag effects. Therefore, to introduce the concepts
essential for the formation of the latter effects and to pro-
vide a complete picture of the photocurrent formation in
TI, we will briefly address the model of the photogalvanic
effect.
The current generation process is illustrated in the
right panel of Fig. 10. As addressed above, the symmetry
of the surface states in (Bi1−xSbx)2Te3 3D TIs is C3v.
This point group implies that the anisotropy of carrier
elastic scattering is the same as at scattering by a double
triangular pyramid, whose side and top view are sketched
9in the left panel Fig. 10 (a). Note that for C3v symme-
try scattering by top and bottom pyramids has different
probabilities. In the framework of the photogalvanic ef-
fect caused by the in-plane motion of free carriers the
scatterers can be considered as randomly distributed but
identically oriented wedges lying in the QL-plane. The
preferential orientation of wedges is supported by the X-
rays data shown above, see Fig. 2 (a) and Ref. 19,72.
In the absence of radiation, the flows of anisotropically
scattered holes, see right panel Fig. 10 (a), exactly com-
pensate each other. Application of linearly polarized THz
radiation results in an alignment of carrier momenta: the
total flow of holes driven back and forth by ac electric
field E(t) increases. The corresponding stationary cor-
rection to the hole distribution function scales as a square
of the ac electric field magnitude73. The stationary align-
ment of carrier momenta itself does not lead to a dc elec-
tric current but, due to asymmetric scattering by wedges,
the excess of the flux of carriers moving along the field
violates the balance of flows71,74, and the linear photo-
galvanic current is generated75. The direction of the in-
duced current depends on the relative orientation of the
ac electric field and wedges: e.g., a field parallel to the
wedges base (E ‖ y), see Fig. 10 (b), yields the current
flow in x-direction while rotation of the electric field by
90◦ reverses the current direction, see Fig. 10 (c). The
polarization dependence of the photogalvanic current in
x- and y- directions is described by the terms with χ in
Eqs. (5) and by Eq. (19). Note that the coefficient χ has
opposite signs for holes and electrons.
B. Trigonal photon drag effects caused by in-plane
component of the photon wavevector
The trigonal photon drag effect caused by the in-plane
component of the photon wavevector results in a dc cur-
rent increasing with the angle of incidence increase. It
is described by an even function of the angle θ. Simi-
lar to the photogalvanic effect the photon drag current
formation involves asymmetric scattering of free carriers.
The trigonal photon drag effect results from a dynamical
alignment of carrier momenta. It is generated due to the
in-plane profile of the radiation electric field and implies
the difference in the scattering probabilities for different
half periods of the electromagnetic wave. The process of
the current generation is illustrated in Fig. 11. Like in
the model for photogalvanic effect we consider the scat-
terers as randomly distributed but identically oriented
pyramids in the QL-plane, see Fig. 11 (d). In the absence
of radiation, the flows of the thermalized charge carriers
which are anisotropically scattered by pyramids exactly
compensate each other. Optical excitation disturbs the
balance due to the action of high frequency electric field
E on charged carriers, we assume holes. The discussed
trigonal photon drag current is caused by the dynamic
variation of the electric field E in the direction of the
radiation propagation, see Fig. 11 (a). The strength
of the corresponding force acting on holes is given by
|e|E‖eiq‖r−iωt ≈ |e|i(q‖r)E‖e−iωt, where e is the elemen-
tary charge13,76. The force is coordinate-dependent and
causes the hole acceleration to be directed parallel to the
x-direction for Ex > 0 (anti-parallel for Ex < 0) and,
consequently, increase of the hole flow by δi+x (δi
−
x ), see
horizontal arrows in Fig. 11 (a). As a result of this dy-
namical momentum alignment the balance of the hole
flows scattered by pyramids in the vicinity of the electric
field Ex nodes becomes locally violated, see Fig. 11 (a)
and (d). The asymmetric scattering may cause equal in
magnitude but oppositely directed local electric currents
jx1 and jx2 in the vicinity of x1 and x2; whereas the total
electric current remains zero. However, steady-state dc
electric current indeed emerges if one additionally takes
into account the z-component of the radiation field and
the retardation between the electric field and the instant
velocity of charge carrier. The photocurrent reaches its
maximum at ωτ about unity. The effect of the retar-
dation, well known in the Drude-Lorentz theory of high
frequency conductivity, causes a phase shift between the
electric field Ex and the instant change of the hole veloc-
ity δvx given by arctan(ωτtr). Consequently, the nodes
of the charge carriers velocity δvx are shifted in respect
to that of electric field Ex, these nodes are indicated in
Fig. 11 (b) as x′1 and x
′
2. The carriers in the vicinity of
the x′1 and x
′
2-positions are subjected to the electric field
Ez(x
′
1) and Ez(x
′
2) which have the opposite signs. The
Ez(x
′
1) [Ez(x
′
2)] field is pushing the carriers to the basis
[top] of the pyramids which increase [decrease] the scat-
tering probability at x′1 [x
′
2] vicinity. Consequently, it
changes the magnitudes of the local currents jx′
1
and jx′
2
caused by the asymmetric scattering. The variation of
the scattering probability upon the action of the out-of-
plane electric field δWp′p(Ez) is described by Eq. (11) in
Sec. VII. As a result the oppositely directed local currents
do not compensate each other anymore and a dc elec-
tric current being proportional to the product qxExEz
emerges. Changing the angle of incidence form θ to −θ
reverses the sign of both qx and the product ExEz so that
the direction of the dc current remains unchanged. We
emphasize that such a contribution to the photon drag
effect is specific for trigonal systems and it is absent in,
e.g., hexagonal systems like graphene13,69.
VII. MICROSCOPIC THEORY
Now we turn to the microscopic theory of the photon
drag effect. In the classical regime achievable in our ex-
periments, which is characterized by ~ω ≪ εF, the pho-
tocurrents can be well described by means of Boltzmann’s
kinetic equation for the coordinate dependent carrier dis-
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FIG. 11: Model of the trigonal photon drag effect caused by
the in-plane wavevector qx. To be specific we discuss the hole
gas in the surface states excited by oblique radiation with
the incidence plane (xz), see panel (c). Triangle in (d), left
picture, shows top view of the considered scattering potential.
Side view of the scatters is sketched in the right picture.
tribution function fp(r)
(
∂
∂t
+ eE(r, t) · ∂
∂p
+ vp · ∂
∂r
)
fp(r) (6)
=
∑
p′
[Wpp′fp′(r)−Wp′pfp(r)].
where e < 0 for holes and e < 0 for electrons, vp = v0p/p
is the velocity of surface charge carriers with a mo-
mentum p, v0 is the Dirac fermion velocity, and Wp′p
is a probability for a charge carrier to have the mo-
menta p and p′ before and after scattering, respectively.
Lack of inversion center for the surface charge carri-
ers makes their elastic scattering asymmetric, so that
Wpp′ 6=W−p,−p′71,74, and results in a dc electric current.
Note that this asymmetry takes place even for isotropic
scatterers like impurities or phonons. The photocurrent
can be calculated as follows12
j = e
∑
p
vpδfp , (7)
where δfp is the correction to the distribution function
being quadratic in the radiation electric field amplitude
and linear in the photon momentum.
To calculate the asymmetric part of the scattering
probability, which is responsible for the photocurrent for-
mation, we take into account warping of the energy spec-
trum. Without warping the energy dispersion of the sur-
face states is described by the Hamiltonian1
H0 = v0(σxpy − σypx) , (8)
where σx,y are Pauli matrices. The Hamiltonian (8)
yields the linear energy dispersion εe,h = ±v0p and cor-
responding wavefunctions Ψ
(0)
e,h = [1,∓iexp(iϕp)]/
√
2 for
electrons and holes, where ϕp is the angle between carrier
momentum p and the x axis. The warping of the energy
spectrum reflects the trigonal symmetry of the surface
and is described by an additional to Eq. (8) small term
given by77
Hw = λ
wσzp
3 sin 3ϕp , (9)
where λw is a warping constant. This is the perturba-
tion which leads to the hexagonal warping of the energy
surfaces78 clearly detected by ARPES, see top panels in
Fig. 1.
The perturbation caused by the terahertz radiation
electric field Ez changes the surface charge carrier wave-
functions due to admixture of bulk states from various
bands. The corresponding Hamiltonian is linear in the
coordinate z
Hem = −ezEz. (10)
Taking into account both perturbations Hw and Hem in
the first order, we obtain the corrected electron wave-
function:
Ψe = Ψ
(0)
e +
λwp2 sin 3ϕp
2v0
Ψ
(0)
h + eEz
∑
n
zns
εn
Ψn,
where the index s labels the bulk orbitals from which
the surface states are formed, and n enumerates other
energy bands of the bulk crystal. Here we assume that
all bulk bands lie far enough away from the Dirac point
so the energies |εn| ≫ εF = v0pF, where pF is the Fermi
momentum.
Calculating the matrix elements of scattering by a
static potential we obtain from the Fermi golden rule the
scattering probability in the formWp′p =W
(0)
p′p+ δWp′p.
The field-independent part is given by the usual expres-
sion taking into account the absence of back scattering
for Dirac fermions79.
W
(0)
p′p =
pi
~
〈|V (p′ − p)|2〉 (1 + cos θp′p)δ(v0p− v0p′),
where V (p) is the Fourier image of the scattering po-
tential, θp′p = ϕp′ − ϕp is the scattering angle, and the
angular brackets mean averaging over positions of scat-
terers78. The linear in Ez correction is given by
δWp′p =
2pi
~
δ(v0p− v0p′)
∑
n
〈Im (VsnznsV ∗ss)〉 /εn (11)
× eEz sin θp′pλp
2
v0
(sin 3ϕp′ + sin 3ϕp).
Here Vss and Vsn are the intra- and interband matrix
elements of the scattering potential, respectively. The
latter is caused by the short-range scatterers with the mo-
mentum transfer ∼ ~/a0 ≫ pF, where a0 has an atomic
scale, therefore the average product is assumed to be in-
dependent of ϕp and ϕp′
80. We emphasize that the ob-
tained correction, Eq. (11), is responsible for the effect of
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Ez-electric field on the scattering by pyramid-like scat-
ters discussed in the model of the photon drag effect, see
Sec. VIB.
Using the derived scattering probability Wp′p we
solve the Boltzmann equation (6) and obtain the r-
independent correction to the distribution function, δfp,
which allows us to calculate the photon drag current
given by Eq. (7). With this we will search for the cor-
rection to the distribution function being responsible for
the dynamical alignment momentum, f
(da)
p . First we find
the linear in E‖ solution given by
f (E)p (r) = −
df0
dεp
eτtr
1− iωτtr (E‖ · vp), (12)
where f0 is the Fermi-Dirac distribution function, and the
transport relaxation time τtr, determining the mobility of
2D Dirac fermions is related to the symmetric part of the
scattering probability as τ−1tr =
∑
p′ W
(0)
p′p(1 − cos θp′p).
The photon wavevector is accounted by the space deriva-
tives in the kinetic equation13
vp · ∂f
(E)
p
∂r
= i(vp · q)f (E)p =
(
iω − 1
τ2
)
f (da)p . (13)
The time τ2 being of the order of τtr describes relaxation
of the above discussed alignment of charge carrier mo-
menta. It is defined as follows
τ−12 =
∑
p′
W
(0)
p′p(1− cos 2θp′p). (14)
From Eq. (13) we find the correction to the distribution
function describing the dynamical alignment of momenta
in the form
f (da)p = −
iτ2(vp · q)
1− iωτ2 f
(E)
p . (15)
Now we take into account the anisotropic scattering
which manifests itself as a correction given by Eq. (11).
The r-independent correction to the distribution func-
tion δfp is found from the following equation
81
∑
p′
δWp′p
(
f (da)p + f
(da)
p′
)
= −δfp
τtr
. (16)
Finally, from Eq. (7) we find the trigonal photon drag
current. Experiments reveal that the photocurrent in
all samples is caused by the linearly polarized radiation.
For excitation by oblique incidence in the (xz) plane it
is described by
jx = T‖qxExEz =
eβλwp2Fωτ2(τtr + τ2)
4(1 + ω2τ22 )
σ(ω)qxExEz,
jy = −T‖qxEyEz. (17)
Here, the high-frequency conductivity is given by the
Drude expression for degenerate 2D carriers
σ(ω) =
e2εFτtr
4pi~2(1 + ω2τ2tr)
.
We introduce the anisotropic scattering constant which
is nonzero due to C3v symmetry of the studied system
β =
∑
n
〈Im (VsnznsV ∗ss)〉 /εn〈|V (p′ − p)|2 sin2 θp′p〉 , (18)
where brackets in the denominator mean averaging over
both scatterer positions and the scattering angle θp′p.
The derived Eqs. (17) show that, in line with experi-
ments, see Figs. 6, and the discussion in Sec. V the cur-
rent is even in the angle of incidence and vanishes for
normal incidence at which qx = 0. For elastic scattering
by Coulomb impurities, the relaxation times are related
as τ2 = τtr/3. According to Ref. 19, in this case the
photogalvanic current is given by
jx = χ(E
2
x − E2y) = ev0
2τtr
EF
Ξσ(ω)(E2x − E2y), (19)
jy = −2χExEy.
where Ξ is the factor describing the C3v symmetry of the
studied system. In the studied samples we can estimate
Ξ ∼ 10−4 . . . 10−5, see also Ref. 19.
The frequency dependencies of trigonal photon drag
and photogalvanic currents are plotted in Fig. 12. While
photogalvanic current drops monotonously with fre-
quency increase, the photon drag current has a maximum
at ωτtr ≈ 2. At high frequencies, both linear photon drag
and linear photogalvanic currents decrease as ω−2. The
difference between the frequency dependencies may be
the cause for the observed variation of the ratio between
photon drag and photogalvanic currents varying in the
range from about -2 to -15 for different samples and fre-
quencies.
The ratio of the photon drag and photogalvanic cur-
rents can be estimated as
T‖q/χ ∼ (λwp2F/v0)(βqεF/Ξ). (20)
The first factor is a dimensionless degree of warping
which can be of order of unity in our samples accord-
ing to ARPES measurements, Fig 1. In our experiments,
the trigonal photon drag current at oblique incidence is
larger than the photogalvanic one. This allows us to es-
timate the interband scattering parameter β defined by
Eq. (18): in the studied samples β > 10 A˚/eV. From
the difference in sign between the photogalvanic and the
trigonal photon drag currents systematically observed in
experiment we conclude that the product βλw , describing
the trigonal photon drag and the photogalvanic constant
Ξ, are of opposite sign.
Finally we note, that the solution of the Boltzmann
equation also yields the circular photon drag current pro-
portional to the radiation helicity
jcircx =
3eβλwp2Fτtr(2− ω2τ2tr)
4 + ω2τ2tr
σ(ω)qxi(ExE
∗
z − E∗xEz),
jcircy = −
3eβλwp2Fτtr(2 − ω2τ2tr)
4 + ω2τ2tr
σ(ω)qxi(EyE
∗
z − E∗yEz).
(21)
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FIG. 12: Frequency dependencies for photogalvanic and pho-
ton drag photocurrents calculated after Eq. (19), dashed curve
and Eq. (17), solid curve, respectively. The curves are nor-
malized by the corresponding photocurrent maximum. The
photon drag current is multiplied by (-1) because these terms
have in experiments always the opposite sign.
It follows from these expressions that the circular pho-
ton drag current is zero at ωτtr =
√
2, a value at which
the linear photon drag current is close to its maximum,
Fig. 12. The vanishing contribution of the circular pho-
tocurrent in the vicinity of the ωτtr ≈ 1 – the condition
corresponding to our experiments – may explain the fact
that in the studied frequency range no helicity dependent
current has been detected.
A. Microscopic theory of the photon drag effect
due to qz-component of the photon wavevector
At last but not least we obtain the trigonal photon drag
current caused by qz-component of the photon wavevec-
tor. It is given by
jx = Tzqz(|Ex|2 − |Ey |2), (22)
jy = −Tzqz(ExE∗y + EyE∗x),
where Tz is a real constant. The equations reveal that
the photocurrent can be excited by linearly polarized ra-
diation and is sensitive to the polarization plane position
in respect to the crystallographic axes.
The microscopic picture of the photocurrent genera-
tion can most conveniently be described in terms of the
radiation magnetic field B rather than the transfer of
the normal component of the photon wavevector qz to
free carriers. Indeed, the latter is not possible in strictly
2D systems. Using the relation B = (c/ω)q × E, we
can rewrite Eq. (22) as jx ∝ ExB∗y + EyB∗x + c.c. and
jy ∝ ExB∗x − EyB∗y + c.c.
In order to develop a microscopic theory for the pho-
tocurrent given by Eq. (22), we take into account the
Lorentz force of the radiation magnetic field acting on
the 2D carriers. The corresponding Hamiltonian has the
following form:
HB =
ez
m0c
(Bxpy −Bypx). (23)
Taking into account both HB and the warping perturba-
tion Eq. (9) in the first order, we derive the linear in B
correction to the elastic scattering probability δW
(B)
p′p . It
is obtained from δWp′p, Eq. (11), by substitution
Ez → 1
m0c
[By(px + p
′
x)−Bx(py + p′y)].
Now we solve the Boltzmann kinetic Eq. (6) accounting
the correction δW
(B)
p′p to the scattering probability. It has
the form
∑
p′
δW
(B)
p′p
(
f (E)p − f (E)p′
)
= −δf
(B)
p
τtr
, (24)
where δf
(B)
p is the correction to the distribution function
linear in B, and the linear in E‖ correction f
(E)
p (r) is
given by Eq. (12).
The linear in both E‖ and B‖ current density is calcu-
lated by Eq. (7) with the above found correction δf
(B)
p .
The result has the form
jx = Tzqz(E
2
x − E2y) = −
eβλp2FεF
4ωm0v20
σ(ω)qz(E
2
x − E2y),
jy = −2TzqzExEy. (25)
Comparing the photocurrent amplitudes at normal and
at oblique incidence, Eqs. (17) and (25), we obtain
Tz/T‖ ∼
1 + (ωτtr)
2
(ωτtr)2
εF
m0v20
. (26)
This estimate demonstrates that, because the radiation
magnetic field affects elastic scattering weaker than the
electric field, Tz is substantially smaller than T‖. Since
m0v
2
0 ∼ 10 eV, the factor εF/m0v20 is in the order of 10−1
to 10−2 for our samples. This estimation explains why
in all our experiments T‖ ≫ Tz. The smallest value ob-
tained are 40 times for sample BST127 and 80 for sample
BST641. In both cases the samples were excited by radi-
ation of f = 3.3 THz. For other conditions the ratio was
even larger or the qz-related photon drag contribution
was not detectable. The only reason why we were able
to detect such a small contribution at all, is that photon
drag due to in-plane wavevector vanishes at normal inci-
dence, whereas that caused by qz component achieves its
maximum. Finally we note that as Tz constant has the
frequency dependence different from T‖. In particular,
the role of qz-photon drag current is enhanced at small
frequencies ωτtr ≪ 1.
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VIII. CONCLUSION
To summarize, our experiments on a large set of n-
and p-type (Bi1−xSbx)2Te3 three-dimensional topologi-
cal insulators demonstrated that normal incident THz
radiation results in the photogalvanic current induced
in the surface states. At oblique incidence, however, in
particular at large angles of incidence, it is outweighed
by the photon drag effect. The developed microscopic
model and theory show that the photon drag photocur-
rent is caused by the dynamical momentum alignment
by time and space dependent radiation electric field and
implies the difference in the scattering probabilities for
different half periods of the electromagnetic wave. Both
photocurrents observed even at room temperature, stem
from scattering events and, therefore, can be applied to
study the high frequency conductivity in TI.
Appendix A
Phenomenological analysis for C3v symmetry at linear
polarization of radiation accounting for the photogalvanic
and photon drag effects yields even in θ photocurrents (4)
which can be conveniently written in the following form:
jx+ijy = (χ+Tzqz)(Ex−iEy)2+T‖(qx−iqy)(Ex−iEy)Ez .
(A1)
We consider oblique incidence with an incidence plane
at an angle ψ with the (yz) plane, and α is an angle
between the radiation electric vector and the incidence
plane (α = 0 corresponds to p polarization). In these
notations we have:
qx − iqy = −iq sin θe−iψ, qz = −q cos θ, (A2)
Ex − iEy = −(ts sinα+ itp cosα cos θ)E0e−iψ, (A3)
Ez = tpE0 sin θ sinα. (A4)
Here E0 is the electric field amplitude in vacuum, and
ts, tp are Fresnel transmission coefficients for s and p
polarizations.
Substitution of the wavevector and electric field com-
ponents into Eq. (A1) yields the photocurrent in the fol-
lowing form:
jx = j
off − cos (2α− γ)
√
(Ac cos 2ψ)2 + (As sin 2ψ)2E
2
0 ,
(A5)
jy = sin (2α− γ′)
√
(As cos 2ψ)2 + (Ac sin 2ψ)2E
2
0 .
(A6)
Here the amplitudes are functions of the incidence angle:
Ac =
1
2
[(χ−Tzq cos θ)(t2s + t2p cos2 θ) +T‖qt2p sin2 θ cos θ],
(A7)
As = tstp cos θ(χ− Tzq cos θ) + T‖qtstp sin2 θ/2, (A8)
the phase shifts are given by:
tan γ =
As
Ac
tan 2ψ, tan γ′ =
Ac
As
tan 2ψ, (A9)
and the α-independent offset photocurrent is:
joff = − sin
2 θ
2
[
(χ− Tzq cos θ)f(θ) + T‖qt2p cos θ
]
E20 ,
(A10)
where
f(θ) ≡ t
2
p cos
2 θ − t2s
sin2 θ
(A11)
=
tstp(tp cos θ + ts)
2 cos θ

1 + n cos θ − 1
n2
(
1 +
√
1− sin2 θ/n2
)

 .
Taking into account that in our structures
T‖q ≫ χ, Tzq we have at small θ:
jx =− cos (2α− 2ψ)(χ− Tzq + T‖qθ2/2)t2E20 + joff ,
(A12)
jy =sin (2α− 2ψ)(χ− Tzq + T‖qθ2/2)t2E20 . (A13)
Here t is the amplitude transmission coefficient for nor-
mal incidence, and
joff = −T‖qθ2t2E20/2. (A14)
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